Phytoplankton community structure was analysed from 2010 to 2017 at C1-LTER, the coastal LongTerm Ecological Research station located in the Gulf of Trieste, which is the northernmost part of the Mediterranean Sea. Phytoplankton abundance and relevant oceanographic parameters were measured monthly in order to describe the seasonal cycle and interannual variability of the main phytoplankton taxa (diatoms, dinoflagellates, coccolithophores and flagellates) and to analyse their relationship with environmental conditions. Overall, phytoplankton abundances showed a marked seasonal cycle characterised by a bloom in spring, with the peak in May. During the summer, phytoplankton abundances gradually decreased until September, then slightly increased again in October and reached their minima in winter. In general, the phytoplankton community was dominated by flagellates (generally <10 µm) and diatoms co-occurring in the spring bloom. In this period, diatoms were also represented by nano-sized species, gradually replaced by larger species in summer and autumn. Phytoplankton assemblages differed significantly between seasons (Pseudo-F = 9.59; p < 0.01) and temperature and salinity were the best predictor variables explaining the distribution of the multivariate data cloud. At the interannual scale, a strong decrease of the late-winter bloom was observed in recent years with the spring bloom being the main phytoplankton increase of the year. 
Introduction
Marine ecosystems are experiencing many different changes in response to natural processes, human activities and climate change. These changes are rapidly altering nearly every chemical, physical and biological property affecting the growth of marine microorganisms (Hutchins and Fu 2017) . Phytoplankton are a key component of marine ecosystem dynamics, contributing about half the global net primary production (Field et al. 1998) . They represent the base of the food web and play a pivotal role in global nutrient cycles and particle export to the bottom. As primary producers, they are directly dependent on abiotic variables and are very sensitive to environmental changes of which they are actually important indicators (Hays et al. 2005) . Therefore, tracking changes in the phytoplankton community structure can help to forecast ecosystem changes and plan sustainable management of the seas and oceans. For this reason, for instance, phytoplankton community diversity and temporal modification have been included as useful indicators in the Marine Strategy Framework Directive (MSFD) to determine the achievement of Good Environmental Status for the protection and conservation of the marine ecosystem. However, to disentangle climate and anthropogenic pressures from natural variability, many years of observations are needed (Henson et al. 2010 ) and, with this in mind, long-term data offer a useful instrument for achieving this aim and improving decision-making in ocean and coastal management (Edwards et al. 2010) . Several marine research institutes maintain time series of physical, chemical and biological parameters for over a decade and are referred to as Long-Term Ecological Research sites (LTER). In Italy, the Italian Long-Term Ecological Research Network (LTER-Italy) includes terrestrial, freshwater and marine sites where observations are carried out at multidecadal scale. This study is based on data collected at the station C1-LTER that, since 2006, has been formally included in the LTER-Italy as part of the northern Adriatic LTER site.
The analyses of time series available for the northern Adriatic LTER site have highlighted that the northern Adriatic has experienced significant modifications of environmental conditions and trophic structure . The authors suggested that these changes were probably indicative of gradual eutrophication that occurred in the period from 1970 to mid-1980, followed by an oligotrophication process in the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] , and drew attention to the possible effects on fish productivity. Phytoplankton interannual and inter-decadal variability, as well as temporal trends, have been reported for the northern Adriatic (Ninčević Gladan et al. 2010; Mozetić et al. 2010; Bernardi Aubry et al. 2012; Cabrini et al. 2012; Marić et al. 2012; Mozetić et al. 2012 ). An analysis encompassing 38 years showed a strong decrease of chlorophyll a concentration in the whole northern basin probably due to a reduction of freshwater discharges and phosphorus used in agriculture (Mozetić et al. 2010) . A recent analysis carried out in the Mediterranean Sea, encompassing more recent years (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) and based on satellite-derived chlorophyll concentration, found a positive trend of chlorophyll concentration in the northern Adriatic Sea (Salgado-Hernanz et al. 2019) . Different regime shifts have also been reported for phytoplankton abundances, community composition and seasonal cycle (Cabrini et al. 2012; Marić et al. 2012; Mozetić et al. 2012) . At the C1-LTER station in the Gulf of Trieste, Cabrini et al. (2012) analysed a long-term dataset and reported a regime shift of phytoplankton abundances in 1994, but no relationship with environmental forcing was presented.
The aim of this study is to analyse the temporal dynamics of the phytoplankton community at a seasonal and interannual scale during the past eight years (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) in the coastal waters and infer the possible environmental drivers shaping the variability of phytoplankton assemblages.
Methods

Study area
The Gulf of Trieste is a semi-enclosed basin located in the north-western part of the Adriatic Sea, characterised by shallow depths (maximum 25 m) and a strong influence of freshwater inputs. Two main rivers, the Isonzo and Timavo Rivers, enter the gulf along the shallower north-west coastline, whereas several submarine freshwater springs flow along the eastern karstic coast. The Isonzo River is the major source of freshwater and nutrients in the gulf and deeply modulates the hydrology, biogeochemistry and productivity of this coastal area . The oceanographic properties of the gulf are highly variable due to a marked seasonal cycle of seawater temperature (from winter minima of 5 °C to summer maxima > 26 °C) and strong salinity gradients (25-38) (Malačić and Petelin 2001) . The overall circulation is mostly cyclonic and mainly influenced by the Eastern Adriatic Current, flowing northwards along the eastern coast and advecting warmer, saltier and more oligotrophic waters coming from the Ionian Sea (Poulain and Cushman-Roisin 2001) , and by winds typical of the area, the cold Bora wind from the east-north and mild Scirocco wind from the south (Querin et al. 2007 ).
Sampling and environmental parameters
Data considered in this paper were collected at the C1-LTER station (45°42'2.99"N and 13°42'36.00"E, bottom depth: 17 m) located in the Gulf of Trieste. C1-LTER, 270 m far from the coast, north of the town of Trieste (Fig. 1) , is part of the LTER network (http://www.lteritalia.it/) since 2006 and is sampled monthly since 1986 (http:// nettuno.ogs.trieste.it/ilter/BIO/history.html). Data presented here cover a period of eight years for a total of 384 samples collected monthly from January 2010 to December 2017 at four depths (0.5, 5, 10 and 15 m) by 5 L Niskin bottles. CTD profiles of temperature and salinity were obtained with an Idronaut Ocean Seven (models 401 and 316) or SBE 19plus SEACAT multiparametric probe, calibrated every 6/12 months.
Total precipitations data, provided by ARPA FVG -OSMER e GRN, Trieste (http://www.meteo.fvg.it/), were registered at the station situated at Molo Fratelli Bandiera (45°38'59.99"N, 13°45'8.07"E).
The Isonzo River discharge data, provided by Regione Autonoma Friuli Venezia Giulia, were calculated by a rating curve from the hydrometric level registered at Turriaco station (13 km from the Isonzo River mouth).
Samples for the determination of dissolved inorganic nutrient (nitrite, N-NO 2 , nitrate, N-NO 3 , ammonia, N-NH 4 , phosphate, P-PO 4 , and silicate, Si-Si(OH) 4 ) concentrations were pre-filtered through precombusted size glass-fibre filters (Whatmann GF/F), stored at -20 °C and then analysed colorimetrically with a Bran + Luebbe Autoanalyzer 3, up to December 2013, and afterwards with a QuAAtro (Seal Analytical), according to Hansen and Koroleff (1999) . The concentration of dissolved inorganic nitrogen (DIN) was calculated as the sum of the concentrations of nitrite, nitrate and ammonia. The detection limits for DIN, phosphates and silicates were 0.02, 0.01 and 0.01 µmol L -1 , respectively. Temperature and salinity profiles and nutrient concentrations were plotted using Ocean Data View ver. 4.7.10 (Schlitzer 2015) .
Phytoplankton abundance
For phytoplankton analysis, samples were fixed with pre-filtered and neutralised formaldehyde (1.6% final concentration) (Throndsen 1978) . A variable volume of seawater (10-50 mL) was settled in an Utermöhl chamber depending on cell abundance (Utermöhl 1958; Zingone et al. 2010) . Cell counts were performed using an inverted light microscope (LM) (Olympus IX71 and LEICA BMI3000B) equipped with phase contrast. Cells (minimum 200) were counted along transects (1-2) at a magnification of 400×. Additionally, half of the sedimentation chamber was also examined at a magnification of 200× for a more precise identification of less abundant microphytoplankton (>20 µm) taxa. Phytoplankton specimens were identified to the lowest possible taxonomic level and species/genus names were checked for validity against AlgaeBase (Guiry and Guiry 2018) , and relevant recent publications. Heterotrophic species of some dinoflagellate and nanoflagellate genera, and of the protozoan class Cercozoa, were also included since they are usually considered in phytoplankton studies. Identified taxa were reported per major groups such as diatoms, dinoflagellates, coccolithophores and flagellates, the latter including several phytoplankton classes (mostly smaller than 10 µm forms of uncertain taxonomic identification under LM afterwards named nanoflagellates, chryso-, chloro-, crypto-, dictyocho-, eugleno-, prasino-, primnesiophytes, ebridea, choanoflagellates and incertae sedis). With 'total phytoplankton', through the manuscript, it is intended all species/taxa detectable in light microscopy; therefore, prokaryotic phytoplankton and the majority of picoeukaryotes (< 1 µm) were not considered.
Statistical analyses
The distributions of nutrient concentrations and main phytoplankton group abundances were checked for significant differences among seasons, years, months and depths through analysis of variance (Kruskal-Wallis ANOVA). When significant differences were observed (p < 0.05), post hoc comparisons of mean ranks of all pairs of groups (Siegel and Castellan 1998) were also performed to further assess these statistically significant differences.
A non-parametric Spearman rank order correlation was used to assess the relationship in surface waters among oceanographic parameters (temperature, salinity, DIN, P-PO 4 and Si-Si(OH) 4 ), total precipitations on the three days preceding sampling, Isonzo River discharge on the day preceding sampling, considering the dataset grouped per season. Additionally, the influence of environmental variables (temperature, salinity, DIN, P-PO 4 and Si-Si(OH) 4 ) on the phytoplankton groups and taxa was considered using the water column integrated values. These analyses were performed using the Statistica 7.0 software package (StatSoft).
A reduced taxa dataset (85 taxa) was used to calculate the Indicator Value Index (IndVal) and to perform multivariate statistical analyses: from the whole dataset comprising 122 taxa, any taxa with a lower than 10% frequency percentage were eliminated and species abundances were integrated on four depths using the trapezoidal method. The trapezoidal rule works by approximating the region under the graph of the function as a trapezoid and calculating its area.
Before performing the multivariate analyses, the species abundance values were log(X+1) transformed to diminish the effect of the most abundant species, and the dissimilarity matrix was computed based on the Bray-Curtis index. The environmental variables (temperature, salinity, total precipitations, Isonzo River discharge and nutrient concentrations) were first tested for multi-collinearity and symmetric distribution using PRIMER's Draftsman Plot tool and then normalised. The dissimilarity matrix was calculated based on the Euclidean distance.
To assess differences in species composition among seasons, a PERMANOVA test was applied considering the 'season' as a fixed factor. Unrestricted permutations of row data and 999 permutations were performed.
The effect of abiotic variables (temperature, salinity, total precipitations, Isonzo River discharge, dissolved inorganic nitrogen, phosphates and silicates) on the phytoplankton community was assessed by distance-based redundancy analysis (dbRDA, Legendre and Anderson 1999) that produced a better model of the relationship between the multivariate data cloud and environmental variables.
All these analyses were performed using the PRIMER software package (v. 7), including the add-on PERMANOVA+ package.
To assess species characterising seasons (winter: January, February and March; spring: April, May and June; summer: July, August and September; autumn: October, November and December), the IndVal (Dufrêne and Legendre 1997) was applied, grouping all samples per season. The indicator considers both the specificity and the fidelity, namely whether a species is abundant in a specific type of habitat and predominantly found in this type of habitat, respectively. The analysis was performed using the labdsv package in the R program (v. 3.3.0).
Results
Seasonal cycle and interannual variability of oceanographic parameters and freshwater inputs
The seasonal cycle and interannual variability of oceanographic parameters are showed in Figures 2, 3. Water temperature showed a marked seasonal cycle ( Fig. 2A ) with winter minima and summer maxima. In general, late autumn and winter were character- ised by vertical mixing of the water column, while the thermal stratification started in April-May and became more pronounced in June-August (Fig. 3A) . After winter cooling, water temperature increased until July, which was on average the hottest month, with the highest value of 28.34 °C recorded in 2015 at the surface, and then decreased through the autumn months ( Fig. 2A) . During the first three years, seawater temperature was particularly low in winter (medians along the water column, 9. 01, 8.61 and 7.57 °C in 2010, 2011 and 2012, respectively) , with the lowest value of 4.71 °C in February 2012 at the bottom. In the successive winters, 2013-2016, seawater temperature was higher (medians along the water column ranged from 9.44 to 11.34 °C). The winter of 2017 was colder again (median 8.51 °C).
The salinity also showed a clear seasonality with the minimum recorded in spring and the maximum in winter (Fig. 2B) . Generally, salinity values ranged from 34.00 to 38.50; however, low values (< 30) were occasionally detected at the surface: in May, June and November 2010 (21.66, 29.86 The precipitation regime was characterised by a rainy period in late summer-autumn (September to November) and two drier periods in March-April and July-August (Figs 2C, 3C).
The annual cycle of the Isonzo River discharge displayed minima in summer and two maxima, the biggest one in autumn and a lower one in winter (Figs 2D, 3D) . , measured in January 2014 at the surface (Fig. 4A, B) . Concentrations were significantly higher (H = 64.86, p < 0.001) in autumn-winter than in spring-summer (mean ± SD, 3.79 ± 5.34 and 2.41 ± 3.82 µmol L ) were observed. The statistically significant differences were 2010 vs 2011, 2012, 2015, 2016 and 2017, 2014 vs 2017 (H = 44.58 , p < 0.001). Phosphate concentrations ranged from undetectable values to 0.28 µmol L -1 in June 2015 at the surface, and higher values were observed from late summer throughout autumn and winter, mainly in bottom waters (Fig. 4C, D) .
Silicate concentrations ranged from 0.07 µmol L -1 in November 2010, at 5 m depth, to 40.73 µmol L -1 in January 2014 at the surface, with a mean value (± SD) of 3.88 ± 3.67 µmol L -1
. Silicate generally showed an increase in summer in the deeper waters (Fig. 4F) . Occasionally, higher concentrations were observed at the surface (Fig. 4E) .
The correlations among oceanographic variables and freshwater inputs, considering the seasons separately, are reported in Table 1 . In the surface waters, in winter, salinity was negatively correlated with the Isonzo River discharge (p < 0.05), as well as DIN (p < 0.001) and P-PO 4 concentrations (p < 0.01). Temperature (p < 0.05), DIN (p < 0.05) and Si-Si(OH) 4 (p < 0.01) concentrations were positively correlated with the riverine discharge. In spring, salinity was negatively correlated with temperature (p < 0.001), Isonzo River discharge (p < 0.01), DIN and Si-Si(OH) 4 concentrations (p < 0.001). DIN (p < 0.05) and Si-Si(OH) 4 (p < 0.01) concentrations were positively correlated with the riverine discharge. In summer, salinity was inversely correlated with seawater temperature (p < 0.05). The riverine discharge was significantly correlated with precipitations (p < 0.05). Seawater temperature (p < 0.05) and Si-Si(OH) 4 concentrations (p < 0.05) correlated, respectively, inversely and directly with precipitations. Finally, in autumn, salinity was negatively correlated with precipitations (p < 0.001), riverine discharge (p < 0.01), DIN (p < 0.001) and P-PO 4 (p < 0.05). Riverine discharge was positively correlated with precipitations (p < 0.01).
Phytoplankton seasonal cycle
Phytoplankton displayed a seasonal cycle characterised by minima in late autumnwinter (from December to February, with the monthly median always lower than 8.0 × 10 5 cells L -1 at all depths) (Fig. 5 ). In March, abundances started to increase, reaching the main peak in spring (May), with a median value of about 4 × 10 6 cells L -1 in the 0.5-5 m layer and about 2.3 × 10 6 cells L -1 at 10-15 m, although these differences among depths were not statistically significant. From June, phytoplankton abundance gradually decreased and was low throughout the summer. Slightly higher abundances were observed at 10 m during this period. A further slight increase was observed in October (Fig. 5) .
Considering the whole dataset, the phytoplankton community was dominated by flagellates (66%) and diatoms (29%), followed by coccolithophores and dinoflagellates (3 and 2%, respectively), with all groups showing a marked seasonal cycle (Fig. 6) .
On average, flagellates showed the highest abundances in spring-summer (H = 127.46, p < 0.001), from April to July, and minima in winter (Fig. 6A-B) . The maximum abundance value (5.6 × 10 6 cells L -1
) was recorded in July 2010, at 5 m depth. Abundances were slightly higher in surface waters than in deeper ones, particularly in June (Fig. 6A-B ), but the differences were not statistically significant. The flagellate group was mainly represented by small (< 10 µm) forms of uncertain taxonomic identification (80%), cryptophytes (11%), prasinophytes (4%) and prymnesiophytes (2%), whereas chryso-, eugleno-, dictyochophytes and heterotrophic taxa accounted for only 3%. ) ( Fig. 6C-D) , with a maximum of 5.2 × 10 6 cells L -1 in May 2013 at the surface. In June, a remarkable decrease down to 2.1 × 10 5 cells L -1 was observed and from July to September they attained very low abun- , respectively). In winter, the most present taxa were Skeletonema spp., Pseudo-nitzschia spp. and Chaetoceros spp. The spring bloom was generally dominated by different small (< 20 µm) species of the genera Chaetoceros, Cyclotella and Bacteriastrum, replaced by larger species (e.g. Cerataulina pelagica (Cleve) Hendey, Pseudonitzschia spp. delicatissima complex, Leptocylindrus sp.) in summer and autumn.
Coccolithophores were most abundant in autumn-winter (H = 53.42, p < 0.001) (Fig. 6E-F) with additional episodes of high abundance in May at 10 and 15 m (Fig. 6F) . Emiliania huxleyi (Lohmann) W.W.Hay & H.P.Mohler was the most abundant coccolithophore species (on average, 63% of the total coccolithophores), followed by undetermined forms (20%), Ophiaster sp. (4%), Acanthoica quattrospina Lohmann (4%), Calciosolenia brasiliensis (Lohmann) J.R.Young (3%), Rhabdolithes (formerly Rhabdosphaera) claviger (G.Murray & Blackman) Voeltzkow (2%) and Syracosphaera pulchra Lohmann (2%).
Dinoflagellates showed higher abundances in spring and late summer (H = 94.18, p < 0.001) (Fig. 6G-H) , with undetermined naked and thecate forms being the most abundant taxa (on average, 44.1 and 35.2% of the total dinoflagellates, respectively).
Diatoms were negatively correlated with DIN and silicates (p < 0.001), while dinoflagellates positively with temperature (p < 0.001) and negatively with DIN (p < 0.05) ( Table 2 ). Coccolithophores showed a positive correlation with phosphates (p < 0.001) and silicates (p < 0.01), while flagellates were positively correlated with temperature (p < 0.01) and negatively with salinity (p < 0.01), DIN (p < 0.001), phosphates (p < 0.01) and silicates (p < 0.05) ( Table 2) .
Phytoplankton assemblages were significantly diverse among seasons (Pseudo-F = 9.59, p < 0.01) and the IndVal calculation gave an indication of which species characterised different seasons (Table 3) . Considering the species with an IndVal higher than 0.4, the winter season was characterised by only three taxa, the diatoms Skeletonema spp., the dictyochophyte Octactis octonaria (Ehrenberg) Hovasse and the heterotrophic taxon of choanoflagellates. In spring, a higher number of species was typical for the season: the small diatoms Cyclotella spp. Table 2 . Spearman rank correlations among oceanographic variables with water column integrated phytoplankton groups and taxa. Significant values (< 5%) are marked in bold. *p < 0.05; **p < 0.01; ***p < 0.001. autumn, very few species were typical, some coccolithophores (Syracosphaera pulchra Lohmann, Calciosolenia murrayi Gran, Ophiaster sp.) and some large diatoms (Dactyliosolen blavyanus (H.Peragallo) Hasle, Lioloma pacificum (Cupp) Hasle, Guinardia striata (Stolterfoth) Hasle, Asterionellopsis glacialis (Castracane) Round). The dbRDA analysis also revealed temporal differences of phytoplankton assemblages (Fig. 7) , with summer and winter samples well-separated, whereas autumn and spring samples were slightly overlapping. Temperature and salinity proved to be the best predictor variables, explaining the greatest variations in the data cloud: dbRDA1 was strongly correlated with temperature (r = 0.81), while dbRDA2 was related to salinity (r = -0.59). Phosphate showed a moderate correlation with dbRDA2. Temperature was associated with summer assemblages, salinity and Isonzo River discharge with autumn samples, and nutrients with winter samples.
Phytoplankton interannual variability
The temporal distribution from January 2010 to December 2017 of water column integrated abundance values of the main phytoplankton groups showed interannual variability for maximum values and occurrence of these maxima (Fig. 8) .
The two main taxonomic groups were flagellates and diatoms during the whole analysed period, with a predominance of flagellates (annual medians > 6 × 10 5 cells Coccolithophores displayed the typical seasonal cycle, with the highest abundances in autumn-winter, in all investigated years (Fig. 8D) ) were recorded. Dinoflagellates were always present in spring-summer (Fig. 8E) ). Sometimes, higher abundances were recorded at specific depths, generally due to undetermined naked and thecate forms. For instance, in September 2015, the highest density was observed at 0.5-5 m (4.6 and 2.8 × 10 5 cells L -1
). 
Discussion
Seasonal cycle
This study presents the temporal dynamics, over eight years, of the phytoplankton community at a coastal station located in the north-eastern Adriatic, a highly variable environment. A marked seasonality, with warm summers and cool winters, was observed, which is typical of the area . Phytoplankton also showed a marked seasonal cycle with a maximum in spring (May), a gradual decrease during the summer, a further small increase in October and the lowest values in winter. Phytoplankton attained minimum values in winter, in contrast to a previous study (Cabrini et al. 2012 (Cabrini et al. ), covering 25 years (1986 (Cabrini et al. -2010 , which described a phytoplankton annual cycle characterised by a late winter-early spring peak dominated by flagellates and the diatoms Pseudo-nitzschia spp., Skeletonema marinoi Sarno & Zingone, Thalassiosira spp., and Chaetoceros spp.. Instead, in the period 2010-2017, a spring bloom characterised the median seasonal cycle as previously observed in different area of the Adriatic Sea such as the north-western (Bernardi Aubry et al. 2012), northeastern (Mozetić et al. 2012 ) and middle basin (Totti et al. 2000) . Diatoms and flagellates (forms generally <10 µm in size) generally co-occurred during this period, as reported by Ribera d 'Alcalà et al. (2004) in the Tyrrhenian Sea, but in contrast to the general findings in other Mediterranean areas where phytoplankton maxima are often dominated by diatoms (e.g. Nunes et al. 2018 ). In the north-eastern Adriatic, a dominance of nanoflagellates was often observed in spring (Marić et al. 2012; Mozetić et al. 2012; Godrijan et al. 2013; Talaber et al. 2014) . Mozetić et al. (2012) explained that this could be due to the lack of control by their grazers, the microzooplankton, that indeed showed a strong reduction of their spring peak in the period 1998-2010 compared to the period 1986-1990 (Monti et al. 2012) . Diatoms peaking in spring were also nano-sized, generally small (often <15 µm) species belonging to genera Cyclotella, Bacteriastrum and Chaetoceros (solitary or colonial species). This contradicts the general view of the typical spring diatom assemblages often being dominated by large species, such as Pseudo-nitzschia and large Chaetoceros, (e.g. Ribera d' Alcalà et al. 2004; Daniels et al. 2015) . However, Daniels et al. (2015) , who investigated the dynamics of the phytoplankton community structure at two contrasting sites in the Icelandic and Norwegian basins, found that the typical large diatoms dominated the spring bloom in the Icelandic basin, while very small (even <5 µm) diatoms dominated in the Norwegian basin. Similarly, Leblanc et al. (2018) described a massive spring bloom of the smallest known diatoms (Minidiscus) in the northwest Mediterranean Sea and, using a metabarcoding approach, showed the importance of this diatom at global scale. The dominance of nano-sized species in a spring bloom could have noteworthy implications for carbon export because larger phytoplankton cells more easily sink and, eaten by zooplankton, are exported to the bottom as fecal pellets, whereas smaller organisms are shifted towards the microbial loop, thereby reducing the efficiency of the carbon pump. On the contrary, Leblanc et al. (2018) evidenced high sinking rates for Minidis-cus, thus demonstrating its important role in the export of carbon to deep oceans. The spring bloom could be triggered by higher nutrient availability in the period MarchMay, especially in surface waters due to riverine discharges, as shown by the significant correlations with salinity and with DIN and Si-Si(OH) 4 . After May, phytoplankton abundances progressively decreased and attained low values in the summer. This differs from other northern Adriatic areas where summer blooms were reported, often due to diatoms (Bernardi Aubry et al. 2004 Kraus and Supić 2011; Marić et al. 2012; Mozetić et al. 2012; Godrijan et al. 2013; Talaber et al. 2014 ). In the northern Adriatic, these blooms were related to the spreading of the Po River plume towards the Istrian coast, carrying low salinity water with high inorganic nitrogen concentration Viličić et al. 2013) or to episodic events of precipitations in the southern part of the Gulf of Trieste (Mozetić et al. 2012) . In the northern part of the Gulf of Trieste, low Isonzo River discharge and low precipitations characterised the summer months, with the exception of some episodic storms in August that actually can cause episodic diatom increases. Seawater temperature reached maximum values and the water column was stratified with low inorganic nitrogen concentration. A mix of large diatoms and dinoflagellates, along with the coccolithophore Rhabdolithes claviger and the flagellate Pseudoscourfieldia marina, were typical of the period. The increase in the number of dinoflagellates is a typical feature of the summer period throughout the northern Adriatic (Bernardi Aubry et al. 2004 , 2006 Ninčević Gladan et al. 2010; Cabrini et al. 2012; Marić et al. 2012) as shown by the positive correlation with temperature, also found by Ninčević Gladan et al. (2010) . Generally, non-redtide dinoflagellates are reported to be well-adapted to thermal stratification conditions with low nutrient availability (Latasa et al. 2010) . The coccolithophore Rhabdolithes claviger was also identified as a distinctive summer coccolithophore in the Adriatic Sea (Bernardi Aubry et al. 2006; Godrijan et al. 2013; Cerino et al. 2017; Godrijan et al. 2018) as well as in other Mediterranean areas (Cros and Fortuño 2002; Dimiza et al. 2015; Karatsolis et al. 2017 ) and in thermal stratified waters worldwide (Okada and McIntyre 1977; Hagino et al. 2000) . It is reported to be related to high temperature and low nitrate concentrations (Haidar and Thierstein 2001; Bernardi Aubry et al. 2006; Godrijan et al. 2013) .
In late summer, the increase of silicates in deeper waters, under the pycnocline, as also observed in previous works , could be related to the degradation of diatoms.
In autumn, the high nutrient availability due to the riverine discharges and mixing of the water column and the still favourable light conditions triggered a second phytoplankton increase, although much smaller. Autumn blooms have been reported in the Gulf of Trieste (Cabrini et al. 2012; Mozetić et al. 2012) and in other areas of the north-eastern Adriatic Sea (Kraus and Supić 2011; Marić et al. 2012; Godrijan et al. 2013; Talaber et al. 2014) . However, Mozetić et al. (2012) and Marić et al. (2012) observed a strong reduction in amplitude of this bloom from the period 1989-2002 to 2003-2009 and from 1972-1999 to 2000-2009, respectively . Coccolithophores (Syracosphaera pulchra, Calciosolenia murrayi, Ophiaster sp.) and some large diatoms (Dactyliosolen blavyanus, Lioloma pacificum, Guinardia striata, Asterionellopsis glacialis) were typical of this period. The presence of coccolithophores in autumn assemblages has already been reported in the eastern Adriatic Sea (Šupraha et al. 2011; Cabrini et al. 2012; Cerino et al. 2017; Godrijan et al. 2018; Skejić et al. 2018) . In general, autumn coccolithophores are related to high nutrient concentrations , as indicated by the positive correlation between coccolithophores and phosphate concentration. Moreover, the positive correlation between coccolithophore abundance and silicates could be explained by the role of silicates in the calcification process of some coccolithophores (Durak et al. 2016) .
Interannual variability
In recent decades, the Gulf of Trieste has experienced considerable changes in its oceanographic, biogeochemical and biological features . Some of these changes are still ongoing and can affect phytoplankton abundance and dynamics. Obviously, eight years are not sufficient to support the existence of trends; however, the analysis of multi-annual periods can help to distinguish between interannual variability and possible ongoing long-term changes in phytoplankton dynamics.
Changes in phytoplankton abundances have been extensively reported at both global (e.g. Rousseaux and Gregg 2015) and local scale. For instance, in the Adriatic Sea, in the past years, different studies, using datasets of varying time spans, have reported regime shifts of chlorophyll a concentrations (Ninčević Gladan et al. 2010; Mozetić et al. 2010 ) and phytoplankton abundances (Cabrini et al. 2012; Marić et al. 2012; Mozetić et al. 2012; Ljubimir et al. 2017) . Cabrini et al. (2012) , analysing a long-term dataset of phytoplankton abundances in the same area in the Gulf of Trieste, described two shifts, one in 1995 with a decrease of phytoplankton abundances and another in 2009 with an increase, but concluded that the shortness of the second period (2009-2010) did not allow for stating the beginning of a new regime. Analysing the years immediately after (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) , the upward trend observed by Cabrini et al. (2012) was confirmed.
The most striking change recorded during this study was the strong decrease of the phytoplankton annual maximum in late winter-early spring, typical of the study area (Cabrini et al. 2012; Cibic et al. 2018) . Changes in phytoplankton maxima over the seasonal cycle have already been reported in the Adriatic Sea (Viličić et al. 2009; Mozetić et al. 2010; Marić et al. 2012) . Nanoflagellates and diatoms dominated this maximum, and among diatoms, Skeletonema spp., Chaetoceros spp. and Pseudonitzschia spp. delicatissima complex were the most representative taxa. The bloom decrease was due mainly to a strong reduction of Skeletonema spp. abundance compared to previous years, during the 1986-2000 period in particular, when this genus was the main taxon of late winter-early spring blooms (Cabrini et al. 2012) . The taxon we reported as Skeletonema spp. was never characterised via electron microscopy or molecular markers; therefore, we prefer to refer to Skeletonema spp.. However, it is most probably S. marinoi (former S. costatum), which is extensively reported as being responsible for the winter-early spring blooms in the northern Adriatic Sea (Sarno et al. 2005; Marić Pfannkuchen et al. 2018) . The decrease of this species had already been observed in the area by Cabrini et al. (2012) who suggested the nutrient reduction as a possible cause. However, the temperature increase could have also played a role in this decline. Indeed, this species was reported as typical of cold waters (Bernardi Aubry et al. 2004) and laboratory experiments also confirmed the preference of this species for temperature below 10 °C (Kaeriyama et al. 2011 ). Accordingly, a negative correlation between Skeletonema spp. and temperature was observed and in the period 2010-2012, when high Skeletonema spp. abundances were recorded, mean annual seawater temperatures in winter were very low compared to the period 2013-2017. The increase of surface water temperature in the northern Adriatic Sea (Degobbis et al. 2000; Solidoro et al. 2009; Giani et al. 2012 ) and worldwide in coastal environments (Lima and Wethey 2016) is generally recognised. A warming trend, with an increase in surface water temperature, particularly intensified since 2008, of about 1.1 °C in the period 1979-2015, has been observed along the eastern Adriatic coast, although the authors pointed out the existence of multidecadal sea temperature variability . A decrease in Skeletonema abundances has also been reported for Narragansett Bay in the period 1980-1997 with the decline being greatest during the winter-spring bloom (Borkman and Smayda 2009) . The authors proposed an influence of the North Atlantic Oscillation (NAO); therefore, the years with low NAO tended to have colder winters and the winter-spring bloom dominated the Skeletonema annual cycle. A decline in Skeletonema dominance replaced by Chaetoceros was also observed in the eastern Seto Inland Sea (Nishikawa et al. 2010 ). However, longer observations are needed to definitively support the view that temperature is possibly responsible for the Skeletonema bloom decrease, and other factors should be considered. The diversity and dynamics of phytoplankton assemblages are complex processes driven by several interacting abiotic and biotic factors and, in addition to other physical-chemical drivers, biological interactions, such as grazing pressure and/or viral infections can have a role in shaping phytoplankton assemblages. The implications of a decreased bloom can be significant if one considers the importance of the synchronisation of the phenological cycles of primary producers and their consumers for matter and energy transfer through the food web (e.g., Edwards and Richardson 2004; Thackeray et al. 2016; Kodama et al. 2018 ). In the same way, changes in the composition of these blooms can also affect consumers because the food quality of various species can differ both in terms of stoichiometric composition and morphological characteristics, such as the presence of setae or cell projections (e.g., Finkel et al. 2010) .
Conclusions
Long-term sampling offers a unique opportunity to analyse multiannual datasets and describe complete seasonal cycles, thus unveiling possible changes occurring in phytoplankton community structure in highly variable environments such as coastal ecosys-tems where the distinction between natural variability and temporal trends is more difficult due to local disturbances. In the north-eastern part of the Gulf of Trieste, phytoplankton displayed a marked seasonal cycle strongly influenced by temperature and salinity, as revealed by multivariate analysis. This cycle was characterised by a spring peak dominated by nanoflagellates and small diatoms, triggered by high nutrient availability due to riverine discharges, and a second small increase in autumn dominated by nanoflagellates, larger diatoms and coccolithophores, possibly favoured by higher nutrient availability deriving from the mixing of the water column. In summer, stormy events could cause episodic diatom increases. At interannual scale, a strong decrease of the late winter-early spring bloom was observed in recent years, with the spring bloom becoming the main peak during the year. If the role of temperature will be confirmed with further analyses, it may have significant implications in the view of climate changes as drivers of long-term changes in phytoplankton dynamics. However, because long-term data series are considered necessary to determine whether the changes are actual ongoing trends, or fall within the interannual variability of phytoplankton communities, continuous monitoring of these alterations is very important. Therefore, LTER sites offer ideal study fields for this purpose and provide data for defining the environmental status, as required by the Marine Strategy. Additionally, the LTER-Italy network allows for sharing methodologies, ecological data and knowledge which would provide the opportunity to establish collaborations at the national (with other LTER-Italy sites), regional (LTER-Europe) and international (LTER-International) levels.
